Xylan is the major polysaccharide of the hemicellulose fraction of plant cell walls, and it is covalently and non-covalently linked with cellulose, lignin, and other polysaccharides to maintain the integrity of the cell wall. In general, xylan is a complex polysaccharide comprising a backbone structure of -(1!4)-linked D-xylopyranosyl residues with -L-arabinofuranose and 4-Omethyl--D-glucuronic acid as side chains.
1) Biodegradation of xylan would expand the potential use of plant biomass. The complete hydrolysis of xylan requires the participation of several enzymes, including endo--Dxylanase [EC 3.2. 
1-3)
-1,4-Xylanases are the key enzymes in the degradation of xylan, since they hydrolyze the -(1!4)-xylopyranosyl linkages of the backbone structure. Furthermore, xylanases have a range of potential applications in biopulping processes, food processing, and the pretreatment of animal feed. 1, 4) A number of xylanases have been isolated from fungi and bacteria and characterized. 5) Several microorganisms produce multiple xylanase systems for the degradation of xylan. 6) The production of multiple enzymes capable of degrading xylan is one strategy by which a microorganism can achieve effective hydrolysis of xylan. Additionally, each enzyme is likely to have a specific function, and the synergistic action of a series of xylanases results in increased efficiency and extent of hydrolysis. 1, 6) We have isolated a -(1!4)-xylan-degrading bacterium, Paenibacillus sp. W-61 (formerly Aeromonas caviae W-61, reclassified on the basis of the nucleotide sequence of the 16S rRNA gene), 7, 8) and it produced at least five extracellar xylanases, designated xylanase 1, 2, 3, 4, and 5, with molecular masses of 22, 41, 58, 120, and 140 kDa respectively. 7, 9, 10) All of these xylanases have been purified and characterized according to their enzymatic properties. 7,9-11) Xylanase 1 (Xyn1), Xyn2, Xyn4, and Xyn5 hydrolyzed oat spelt xylan and liberated xylooligosaccharides with degrees of polymerization (dps) 2-6 as the major products. 7, 9, 10) In contrast, with the above xylanases, Xyn3 produced xylooligosaccharides with a dp of greater than 6 from the same substrate.
11)
The genes encoding Xyn3 and Xyn5 (viz., xyn3 and xyn5 respectively) have been cloned and characterized. 8, 11) Additionally, we found that Xyn2 and Xyn4 were Cterminally truncated derivatives of Xyn3 and Xyn5 respectively. 10, 11) Truncation of the C-terminal regions of Xyn3 and Xyn5 caused changes in transglycosylation activity to the corresponding derivatives. The transglycosylation activity of Xyn2, a C-terminally-truncated Xyn3, decreased dramatically as compared with Xyn3. Xyn4, a C-terminally truncated Xyn5, indicated transglycosylation activity, though intact Xyn5 showed only slight transglycosylation activity. Xyn1, the most abundant xylanase of Paenibacillus sp. strain W-61, also had transglycosylation activity, 7) and appeared to play an important role in the multiple xylanase system of Paenibacillus sp. strain W-61. The mode of action of Xyn1, however, is poorly understood.
In this study, then, we cloned and expressed the xyn1 gene of Paenibacillus sp. strain W-61 in Escherichia coli, and characterized the physico-chemical properties of recombinant Xyn1. In addition, we clarified the transglycosylation reaction of the enzyme toward a series of xylooligosaccharides by fluorophore-assisted carbohydrate electrophoresis (FACE).
Material and Methods
Bacterial strains, plasmids, and culture conditions. Paenibacillus sp. strain W-61 7, 8) was used as a source of chromosomal DNA for xyn1 gene cloning. E. coli DH5 and E. coli BL21 CodonPlus Ò -RIL (Stratagene, La Jolla, CA) were used as the host for cloning vectors. pUC119 and pTrc99A were obtained from Takara Biomedicals (Kyoto, Japan) and Amersham Biosciences (Buckinghamshire, England) respectively. The E. coli strains were cultivated in Luria-Bertani medium or 2x YT medium.
12)
Cloning of the xyn1 gene and DNA sequencing. The Xyn1 gene from Paenibacillus sp. strain W-61 was cloned by conventional DNA cloning techniques.
12) The chromosomal DNA of strain W-61 was digested with restriction enzymes, and Southern blot hybridization was carried out using a mixed oligonucleotide probe designed from the N-terminal amino acid sequence of purified Xyn1. The DNA fragments containing the expected xyn1 gene were inserted into a pUC119. After transformation of E. coli DH5, a positive clone was selected by colony hybridization using the mixed oligonucleotide probe. The clone was subjected to restriction mapping and DNA sequencing. DNA sequencing was done by the Li-Cor Model 4000 Long Read IR DNA sequencing system (Li-Cor Biotechnology, Lincoln, NE) and the ABI Model 377 cycle sequencing system (Perkin-Elmer, Waltham, MA). The resulting sequences were analyzed using the GENETYX software package (Genetyx, Tokyo, Japan).
Expression and purification of recombinant Xyn1. The xyn1 gene was amplified by PCR using 5 0 -ATA-TAAGCTTCCATGGTTAAATTCGGAAAAAAATTG-TTA-3 0 and 5 0 -GAAGCTCCATGGTTACCAAACGG-TCACGTT-3 0 as the forward and reverse primers. These contain the NcoI site (underlined), and a 4.1-kbp fragment was used as a template. The amplified DNA fragment was digested with NcoI and inserted into the NcoI site of pTrc99A, and the resulting plasmid, pTX1, was transformed into E. coli BL21 CodonPlus Ò -RIL (Stratagene). The transformants were grown at 30 C in 2x YT medium containing ampicillin (100 mg/ml) and 0.1% glucose until the stationary phase, and cells were then collected. The cells were washed with 2x YT medium and resuspended in the same medium. Isopropyl -1-thiogalactopyranoside was added to a final concentration of 1 mM and incubation was continued for 3 h. The cells were harvested and suspended in 5 mM sodium phosphate buffer (pH 7.0). After disruption by French pressure cell, cell debris was removed by centrifugation, and the resulting supernatant was dialyzed against 5 mM sodium phosphate buffer (pH 7.0) at 4 C. The crude enzyme was applied to a CM-Sephadex C50 (Amersham) column equilibrated with the same buffer. The enzyme was eluted with 50 mM sodium phosphate buffer (pH 7.0). The active fractions, determined by zymography, were pooled and dialyzed against 50 mM sodium phosphate buffer (pH 7.0). Ammonium sulfate was added to the enzyme solution at a final concentration of 1.2 M and the solution was then applied to a Phenyl-5PW (Tosoh) column. Elution was carried out using a linear gradient of ammonium sulfate from 1.2 M to 0 M. The purified recombinant Xyn1 was dialyzed against 50 mM sodium phosphate buffer (pH 7.0).
SDS-PAGE and zymography for xylanase. SDS-PAGE was performed on a 12.5% polyacrylamide gel by the method of Laemmli. 13) A protein molecular weight marker (type III, Daiichi Pure Chemical, Tokyo, Japan) was used. Zymography for xylanase was carried out using Remazol Brilliant Blue R-D-xylan (Sigma, St Louis, MO), as described previously.
10)
Preparation of water-soluble oat spelt xylan. Oat spelt xylan (10 g, Nacalai Tesque, Kyoto, Japan) was suspended in 100 ml of distilled water, and the suspension was stirred overnight at 4 C. Insoluble materials were removed by centrifugation at 20;000 Â g for 20 min. The resulting supernatant was lyophilized and used as soluble oat spelt xylan in the enzyme assay.
Assay of xylanase activity. Xylanase activity was measured by a method described previously, 7) except that soluble oat spelt xylan was used as the substrate. One unit of enzyme activity was defined as the amount of enzyme required to liberate 1 mmole of the reducing sugar as xylose from xylan per min.
N-Terminal amino acid sequence. The N-terminal amino acid sequence of the enzyme was analyzed by Edman degradation with an ABI model 491 gas-phase protein sequencer (Perkin-Elmer) after the protein had been blotted on a PVDF membrane.
Preparation of -(1!4)-xylooligosaccharides. -(1!4)-Xylooligosaccharides (Xyl n ) were prepared from an acid hydrolysate of cotton seed xylan.
14) Reduced xylooligosaccharides (Xyl n H ) were prepared by reduction of each parent Xyl n with NaBH 4 .
15)
Action mode of Xyn1 on -(1!4)-xylooligosaccharides. The purified enzyme (100 ml) was preincubated at 50 C. The reaction was initiated by the addition of 100 ml of 1 mM xylooligosaccharide (X 2 -X 7 ) in 50 mM sodium phosphate buffer (pH 7.0) which had been preincubated (50 C). At the end of each period of incubation, 30 ml of the reaction mixture was taken and boiled for 10 min to stop the reaction. The mixture was diluted 10 times by adding distilled water, and 90 ml of diluted sample was lyophilized and labeled with 8-aminonaphthalene-1,3,6-trisulfonic acid (ANTS, Molecular Probes, Eugene, OR) for FACE analysis.
Fluorophore-assisted carbohydrate electrophoresis (FACE). The products of the reaction were labeled with ANTS and analyzed by polyacrylamide gel electrophoresis using 40% acrylamide gel according to the method of Jackson 16) with slight modifications. 17) After electrophoresis, the gels were placed on a transilluminator and photographed using FinePix S1 Pro (Fuji Film, Tokyo, Japan) through Y2 and HMCUV WP filters (Kenko, Tokyo, Japan). The intensity of each band on the photo images was analyzed with NIH Image software.
Results and Discussion
Cloning and nucleotide sequence of the xyn1 gene of Paenibacillus sp. strain W-61
The N-terminal 26 amino acid sequence of Xyn1, which was purified from the culture supernatant of Paenibacillus sp. W-61, was determined to be A-
0 , which corresponded to the residues from Asp 3 to Thr 9 , were synthesized and used as probes. As a result of Southern hybridization, the probe hybridized with bands corresponding to about 4 kbp EcoRI-KpnI fragments of chromosomal DNA of Paenibacillus sp. strain W-61. A plasmid carrying the 4.1-kbp EcoRI-KpnI fragmemt (pUX195B) was isolated from a positive clone, and a nucleotide sequence of 4,129 bp was determined (DDBJ Accession no., AB244518).
Three open reading frames were identified in this fragment. The deduced amino acid sequence from the 29th to 54th residue of the third open reading frame, which consisted of 633 nucleotides encoding a protein consisting of 211 amino acids, was identical to the Nterminal amino acid sequence of purified Xyn1 (Fig. 1) . The first 28 amino acid residues constituted the signal peptide. The molecular mass of the deduced mature protein was calculated to be 20,283, which coincided with that of purified Xyn1 determined by SDS-PAGE.
7)
Hence, we identified this open reading frame as xyn1.
The deduced amino acid sequence of the mature form of Xyn1 was 95.7%, 84.0%, 83.7%, 78.9%, 60.5%, and 58.4% identical to those of xylanases of Aeromonas caviae ME-1, 18) Paenibacillus sp., 19) Bacillus stearothermophilus, 20) Bacillus circulans, 21) Streptomyces lividans, 22) and Aspergillus nidulans 23) respectively. These xylanases are classified into glycoside hydrolase family 11 on the basis of homologies in structural elements and hydrophobic clusters. 24) Two glutamic acid residues (Glu105 and Glu198) that are involved in the active center were conserved in Xyn1.
Expression of xyn1 in E. coli and purification of recombinant Xyn1
Expression of recombinant Xyn1 (rXyn1) in E. coli cells harboring pTX1 was found to give a major xylanolytic band on the zymogram. Recombinant cell Western immunoblotting analysis showed that approximately 90% of rXyn1 was present in the periplasmic fraction of recombinant E. coli (data not shown), suggesting that the putative signal peptide of rXyn1 is recognized by the secretory system of E. coli. The expression level was about 2 mg/l of culture broth. rXyn1 was purified from the cell extract of E. coli harboring pTX1 by CM-Sephadex and Phenyl-5PW column chromatography to gel electrophoretic homogeneity with a purification yield of 11.3% (Fig. 2) .
Physico-chemical properties of recombinant Xyn1
The molecular mass of rXyn1 was slightly higher than that of native Xyn1. The N-terminal amino acid sequence analysis of rXyn1 indicated that five amino acid residues of signal peptide remained in the Nterminal region of rXyn1, perhaps due to alteration of the processing site in E. coli. The specific activity of purified rXyn1 toward oat spelt was 130.4 units/mg of protein. This value is similar to that of native Xyn1 from Paenibacillus sp. strain W-61 (data not shown). The optimum pH and temperature were also the same as those of native Xyn1. 7) In addition, the pattern of action of purified rXyn1 toward oat spelt xylan, liberation of xylooligosaccharides with dp 2-4, did not change as compared with native Xyn1. Hence we used this enzyme for further study.
Transglycosylation reaction of rXyn1
The pattern of action of purified rXyn1 was examined using xylooligosaccharides as substrates. Since the activity of rXyn1 on xylooligosaccharides with different dps varied significantly, various concentrations of the enzyme were used, depending on the dp of the substrate. The courses of enzyme reactions on Xyl 4 -Xyl 7 are summarized in Fig. 3 . Xyl 2 and Xyl 3 were not attacked by rXyn1 at 500 mM substrate and 25 units/ml of xylanase activity, and Xyl 4 was the smallest substrate that showed evidence of action with rXyn1. On the other hand, rXyn1 attacked Xyl 4 -Xyl 7 , and produced several kinds of xylooligosaccharides. The major end product from Xyl 4 -Xyl 7 with rXyn1 was Xyl 3 , and Xyl 1 was not observed. In general, endo--xylanases are capable of hydrolyzing Xyl 3 , and the major end products are Xyl 1 and Xyl 2 . Xyn1, however, did not produce Xyl 1 even though xylan was used as the substrate.
7) -Xylanase (hemicellulase I) from Ceratocystis paradoxa has similar specificity of Xyn1 since the xylanase did not produce Xyl 1 . 25) In the case of the reaction on Xyl 4 (Fig. 3A) , approximately equal portions of Xyl 2 and Xyl 3 were observed for a period of up to 60 min, but Xyl 1 was not produced during incubation. In contrast, Xyl 6 was observed after 5 min of incubation. These results clearly indicate that rXyn1 has high transglycosylation activity. The reaction mechanism can be explained as follows: Xyl 4 was cleaved at the second xylopyranosyl linkage and the donor molecule, Xyl 2 , remained on the catalytic site and was transfered to Xyl 4 as an acceptor. Xyl 6 , produced by transglycosylation, was further hydrolyzed to Xyl 3 . Xyl 5 was attacked by rXyn1, and yielded Xyl 2 , Xyl 3 , and Xyl 4 as major products, though Xyl 1 was not observed (Fig. 3B) . Additionally, rXyn1 transferred xylobiosyl and xylotriosyl units to Xyl 5 as starting substrate, and produced both Xyl 7 and Xyl 8 at an early stage of the reaction. These results suggest that Xyl 4 was produced by the hydrolysis of Xyl 7 and Xyl 8 , resulting transglycosylation products. Moreover, Xyl 6 , which started to appear after the formation of Xyl 8 , was also produced from Xyl 8 as Xyl 1 was not observed. The courses of the reaction on Xyl 6 with rXyn1 are shown in Fig. 3C (products with dp 6) and Fig. 3D (products with dp > 6). The degradation rate of Xyl 6 by rXyn1 increased remarkably as compared with that of Xyl 5 . Xyl 6 was rapidly hydrolyzed, and Xyl 3 was observed as a major product. At an early stage of the reaction (2.5 min in Fig. 3D ), a significant amount of Xyl 9 was produced by transglycosylation reaction with rXyn1. These results suggest that Xyl 6 is predominantly cleaved at the third xylopyranosyl linkage from the non-reducing end. Figures 3E (products with dp 7) and 3F (products with dp > 7) show the course of the reaction on Xyl 7 . In the case of Xyl 7 as starting substrate, major products with a dp lower than 7 were similar to those produced by the reaction on Xyl 6 . Xyl 10 was the major product of the transglycosylation reaction, and moderate amounts of Xyl 8 and Xyl 11 were also produced.
The reaction mixture of Xyl 6 (5 min reaction) was A, products from Xyl 4 with 1.6 units of rXyn1; B, products from Xyl 5 with 0.4 units of rXyn1; C, products with dp 6 from Xyl 6 with 0.2 units of rXyn1; D, products with dp > 6 from Xyl 6 with 0.2 units of rXyn1; E, products with dp 7 from Xyl 7 with 0.2 units of rXyn1; F, products with dp > 7 from Xyl 7 with 0.2 units of rXyn1.
lyophilized and subjected to methylation analysis 26) to confirm the structure of the transglycosylation products. The reaction products yielded 2,3,4-tri-O-methyl-Dxylose and 2,3-di-O-methyl-D-xylose in a molar ratio of 1:3.2 on GC-MS analysis, 15) and 2,4-di-O-methyl-Dxylose was not observed. Additionally, the products in the mixture were hydrolyzed completely to xylose with Aspergillus niger -xylosidase (Sigma). These results suggest that rXyn1 produced only -1,4-xylooligosaccarides as transglycosylation products.
The mode of action of rXyn1 on reduced xylooligosaccharides (Xyl 4 H -Xyl 7 H ) was examined to gain information on subsite structure at the non-reducing end of rXyn1 (Fig. 4) . Xyl 4 H was hardly hydrolyzed at the same enzyme concentration as the reaction on Xyl 4 (data not shown). This phenomenon suggests that structural change in the reducing end of Xyl 4 changed the interaction between the +2 subsite and the xylitol residue at the reducing end. In all reactions, Xyl 3 was produced as a major product. Such a mode of action indicates that rXyn1 cleaves the third xylosidic linkage from the non-reducing end in preference to the other linkages. Thoma et al. 27) presented the subsite profile of the active site of Bacillus subtilis -amylase by analysis of product patterns. We used the same approach for the interpretation of the reaction of rXyn1 acting on xylooligosaccharides. A possible subsite structure of Xyn1 and the binding of xylooligosaccharides to the site are summarized in Fig. 5 . The number of subsites was estimated to comprise three glycone (À1 to À3) and three aglycone (+1 to +3) for Xyn1. This is because Xyl 3 was produced from each of Xyl 5 -Xyl 7 , and the degradation rate of Xyl 6 by rXyn1 was markedly increased as compared to that of Xyl 5 . Moreover, Xyl 6 had a single preferential site of cleavage. The mode of action of Xyn1 on reduced xylooligosaccharides supports such a proposed subsite structure, since Xyl 3 was the major product from each substrate.
The size of substrate xylooligosaccharide is important to the xylanase/transglycosylation activity of Xyn1. It might reflect the structure of the subsite around the active center. Schmidt et al. speculated that the size of the substrate recognition area of GH family 10 xylanase from Penicillium simplicissimum affects the minimum length of the substrate. 28) They suggested that the substrate binding cleft was divided into two parts separated at the catalytic cleavage site. One was thought to be a substrate recognition area (from the active center toward the non-reducing end of a bound xylan chain) showing strong, specific substrate interaction, and the other, a product release area showing weaker interaction with the substrate. The size of the substrate recognition area limited the length of the substrate xylooligosaccharide that could bind to the enzyme without being hydrolyzed. However, this model may not be wholly applicable to Xyn1, since Xyl 6 was produced from Xyl 4 . The interaction between the +2 subsite and the corresponding xylose residue is thus not insignificant. The cleft of the GH family 11 xylanase from Tremomyces lanuginosus has seven possible subsites to hold xyloheptaose, and three central sugar units (corresponding to subsites À2, À1, and +1) are used for rigid binding. 29) In contrast, the four central subsites (À2 to +2) are important for Xyn1.
Aeromonas caviae ME-1 xylanase I 18, 30) has no transglycosylation activity, though only eight amino acid residues are different from those of Xyn1. Hence, to determine the importance of such amino acid residues in transglycosylation activity, appropriate mutants of Xyn1 were generated. A 8-amino acid replacement mutant (N56S/S86A/N111S/T160S/I164T/A180P/ S205N/S206A) had no -xylanase activity, and a 7-amino acid replacement mutant (except for A180) had the same level of -xylanase and transglycosylation activities as rXyn1 (data not shown). Ala 180 is strictly conserved in the sequences of family 11 -xylanase, and we assume that Pro 180 of Aeromonas caviae ME-1 xylanase I might have occurred due to a one base misreading. Moreover, it is possible that Aeromonas caviae ME-1 xylanase I shows transglycosylation activity under the same reaction conditions as Xyn1.
Recently, alkyl oligoglycosides have received increased attention, because such compounds have excellent properties as both surfactants and biodegradability enhancers. Alkyl -D-xylobioside and -Dxylotrioside have stable foam-forming activity 31) and are synthesized from xylan and n-octanol using Aureobasidium pullulans -xylanase in supercritical carbon dioxide. 32) Xyn1 is probably useful for such synthesis, since Xyn1 has high transglycosylation activity. 
